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ABSTRACT  
   
This dissertation presents my work on development of deformable electronics 
using microelectromechanical systems (MEMS) based fabrication technologies. In recent 
years, deformable electronics are coming to revolutionize the functionality of 
microelectronics seamlessly with their application environment, ranging from various 
consumer electronics to bio-medical applications. Many researchers have studied this 
area, and a wide variety of devices have been fabricated. One traditional way is to 
directly fabricate electronic devices on flexible substrate through low-temperature 
processes. These devices suffered from constrained functionality due to the temperature 
limit. Another transfer printing approach has been developed recently. The general idea is 
to fabricate functional devices on hard and planar substrates using standard processes 
then transferred by elastomeric stamps and printed on desired flexible and stretchable 
substrates. The main disadvantages are that the transfer printing step may limit the yield. 
The third method is “flexible skins” which silicon substrates are thinned down and 
structured into islands and sandwiched by two layers of polymer. The main advantage of 
this method is post CMOS compatible. Based on this technology, we successfully 
fabricated a 3-D flexible thermal sensor for intravascular flow monitoring. The final 
product of the 3-D sensor has three independent sensing elements equally distributed 
around the wall of catheter (1.2 mm in diameter) with 120° spacing. This structure 
introduces three independent information channels, and cross-comparisons among all 
readings were utilized to eliminate experimental error and provide better measurement 
results. The novel fabrication and assembly technology can also be applied to other 
catheter based biomedical devices. A step forward inspired by the ancient art of folding, 
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origami, which creating three-dimensional (3-D) structures from two-dimensional (2-D) 
sheets through a high degree of folding along the creases. Based on this idea, we 
developed a novel method to enable better deformability. One example is origami-
enabled silicon solar cells. The solar panel (about 64mm * 65mm without any mechanical 
loads) can reach up to 644% areal compactness while maintain reasonable good 
performance (less than 30% output power density drop) upon 40 times cyclic 
folding/unfolding. 
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CHAPTER 1 
INTRODUCTION 
The first chapter of this dissertation will introduce the background and motivation 
for current study 
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Deformable electronics, also known as flexible and stretchable electronics, are 
coming to revolutionize the functionality of microelectronics seamlessly with their 
application environment, ranging from various consumer electronics, and military 
application to bio-medical applications. In this chapter, a brief introduction to deformable 
electronics is presented. Many researchers have studied flexible and stretchable 
electronics, using various approaches and a wide variety of devices have been fabricated 
in recent years (Qian Cheng et al., 2013; H. Gao et al., 2014; Huang et al., 2013; R. Tang 
et al., 2011). All those methods based on three major fabrication processes, which are 
discussed individually in detail. 
1.1 DIRECT FABRICATION 
One basic way is to directly fabricate electronic devices on deformable substrates 
through low-temperature processes. The traditional technology is flexible printed circuit 
boards (PCBs), which typically comprise components with relatively large conductive 
features (>100 mm in lateral feature size). In these circuits-which are also called “chip-
on-flex technologies”-low cost, speed of fabrication, amenability to high-volume 
manufacturing methods (e.g., reel-to-reel printing), and the ability to integrate multiple, 
discrete components into a functional system are the parameters of greatest importance 
(Harper, 2000). Currently, most commercially available flexible PCBs are manufactured 
on plastic substrates using a silk-screen printing process that is similar to that used to 
produce rigid PCBs (Robertson, 2004). A typical one-sided flexible PCB comprises five 
layers: 1) a base layer of polyimide (25 µm thick), 2) a layer of adhesive (25 µm thick), 3) 
a layer of copper (36 µm thick), 4) a second layer of adhesive (25 µm thick), and 5) a 
cover layer of polyimide. 
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Although this method of manufacturing flexible electronic circuits is inexpensive 
and convenient when large quantities of circuits are required, it has several disadvantages: 
1) it produces circuits with limited flexibility (e.g., the radius of curvature of a flexible 
substrate with elements patterned on one side is typically 3-6 times of its thickness, or 
approximately 600 µm for a standard 140 µm thick circuit) (Martinez, Phillips, Butte, & 
Whitesides, 2007). This low level of flexibility makes it difficult to fold or crease these 
circuits to form permanent three-dimensional shapes. 2) It is expensive for small-quantity 
production and prototyping.  
Alternatively, paper, as a substrate for fabricating flexible PCBs, offers a set of 
properties that are completely different from the properties of polyimide plastics used in 
conventional flexible PCB technology. Using paper, it is possible to fabricate flexible 
electronic. A research group at Harvard University  introduced several low-cost methods 
for fabricating flexible electronic circuits on paper (Siegel et al., 2010). These electronic 
circuits, like conventional printed circuit boards, can be produced with electronic 
component s that connects on both sides of the substrate. However, paper can be folded 
and creased, shaped to form three-dimensional structures (Fig. 1.1). 
Flexible PCBs provide a good solution for board-level circuits. Meanwhile, 
extensive research efforts have employed to chip-level applications. For example, thin 
film transistors (TFTs) and microwave components on flexible substrates have been 
fabricated in recent years. 
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Figure 1.1 General scheme for fabricating flexible electrical circuits on fiber-based 
substrates.  A photograph of an example circuit is shown on the right (Siegel et al., 2010). 
 
Figure 1.2 a) Schematic cross-section of a-Si:H position sensor deposited on Kapton foil 
with 125 mm thickness, showing the location of three metal strips; b) Photograph 
showing some of the fabricated flexible a-Si:H position sensors developed within this 
work (Fortunato et al., 2000). 
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Fortunato et al. (2000) developed one-dimensional (1-D) amorphous silicon thin 
film position detectors deposited on polymeric substrates Kapton-polyimide foil, using 
the conventional plasma-enhanced chemical vapor deposition (PECVD), shown in Fig. 
1.2. The sensors have been characterized by spectral response, light intensity dependence 
and linearity measurements in a bent state in order to evaluate the properties in real 
working conditions. The obtained 1-D position sensors with 10 mm width and 20 mm 
length present a non-linearity of 1% which are comparable to the ones produced on glass 
substrates. Sun et al. (2006) reported GaAs flexible TFTs on a polyethylene terephthalate 
(PET) substrate with a cut-off frequency (fT) of 1.55 GHz. The thin thickness compared 
with the thickness of photoresist layers which were used as the adhesive layer in our 
previous work of this Ti/SiO2 layer resulted in the relatively flat surface of PET sheet, on 
which GaAs wire arrays were printed with the assistance of a spin-cast thin layer of 
polyurethane (PU). The enhanced surface flatness enables deposition of narrow gate 
electrodes without cracks along their longitudinal direction, thus providing an effective 
route to increase the operation speed of devices (Nomura et al., 2007; Reuss et al., 2005). 
Then, Yuan et al. (2006) reported a higher speed (with a fT of 2 GHz) single-crystal Si 
flexible TFTs on PET substrate by employing an improved TFT layout design. 
To implement these high-speed microwave flexible TFTs in functional circuits 
and systems, high-frequency microwave passive components, such as inductors, 
capacitors and transmission lines, are needed. More importantly, the passive components 
also need to be mechanically flexible, robust, and can be integrated together with the 
high-speed TFTs on the same low-temperature substrate. Although some bendable 
discrete inductors and capacitors were already made on polyimide substrate, they worked 
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in the relatively low frequency range and cannot be monolithically integrated with 
flexible active TFTs (Lim, Zunino, & Federici, 2008). Sun et al. (2010) reported the 
fabrication and characterization of flexible high-frequency inductors and capacitors 
monolithically integrated on a polyethylene terephthalate (PET) substrate. By using the 
fabrication process compatible with that of the recent microwave TFTs, high performance 
inductors and capacitors with excellent bendability are shown to be achievable. 
 
Figure 1.3 Illustration of fabrication process for integrated flexible spiral inductors and 
MIM capacitors. (a) M1 was evaporated on a PET substrate to form the bottom electrode 
of MIM capacitors and the center lead metal of inductors. (b) A 200 nm SiO layer was 
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evaporated on top of bottom electrode as the capacitor high-k dielectric. M2 was 
evaporated on top of SiO to form the top electrode for capacitors. The two layers were 
lifted together to form a self-aligned structure. (c) A layer of 1.0 µm SU-8 was spun on to 
act as intermetal low-k isolation layer. Via holes were opened with lithography and SU-8 
was cured to cross link. (d) M3 was evaporated to form the spiral metals of inductors and 
interconnects. An optical-microscope image of (e) A 4.5-turn spiral inductor, (f) A 88×
88 µm2 MIM capacitor, and (g) finished inductor and capacitor arrays on a bent PET 
substrate (L. Sun et al., 2010). In addition, some other IC devices, such as memory, have 
been successfully fabricated on the flexible substrates (R. C. Fang et al., 2012; R.-C. 
Fang et al., 2013; R. Fang et al., 2014). 
All those technologies are based on one important method which directly 
fabricates functional devices on flexible/deformable substrates which normally are made 
of polymers. There is a big drawback that this direct fabrication method only allows for 
low temperature process (usually less than 200 °C) because the substrates are made of 
elastomeric materials. 
1.2 TRANSFER PRINTING 
Recently, a novel transfer printing approach has been extensively used in 
deformable electronics. The general idea is to fabricate functional devices on hard and 
planar substrates using standard CMOS compatible processes then the devices are 
transferred by elastomeric stamps and printed on desired flexible and stretchable 
substrates (Khang, Jiang, Huang, & Rogers, 2006; K. J. Lee, Lee, et al., 2005; K. J. Lee, 
Motala, et al., 2005; Menard, Lee, Khang, Nuzzo, & Rogers, 2004; Yuan, Ma, Roberts, 
Savage, & Lagally, 2006). Khang et al. (2006) first demonstrate this technology by 
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producing a stretchable form of silicon that consists of submicrometer single-crystal 
elements structured into shapes with microscale, periodic, wavelike geometries supported 
by an elastomeric substrate. Fig. 1.4 shows the fabrication process. The first step (top 
panel) involves photolithography to define a resist layer on a Si-on-insulator (SOI) wafer, 
followed by etching to remove the exposed parts of the top Si. Removing the resist with 
acetone and then etching the buried SiO2 layer with concentrated hydrofluoric acid 
releases the ribbons from the underlying Si substrate. The ends of the ribbons connect to 
the wafer to prevent them from washing away in the etchant. The widths (5 to 50 µm) 
and lengths (∼15 mm) of the resist lines define the dimensions of the ribbons. The 
thickness of the top Si (20 to 320 nm) on the SOI wafers defines the ribbon thicknesses. 
In the next step (middle panel), a flat elastomeric substrate (poly(dimethylsiloxane)-
PDMS) is elastically stretched and then brought into conformal contact with the ribbons. 
Peeling the PDMS away lifts the ribbons off of the wafer and leaves them adhered to the 
PDMS surface. Releasing the strain in the PDMS leads to surface deformations that cause 
well-defined waves to form in the Si and the PDMS surface. The relief profiles are 
sinusoidal, with periodicities between 5 and 50 µm and amplitudes between 100 nm and 
1.5 µm, depending on the thickness of the Si and the level of prestrain in the PDMS. For 
a given system, the periods and amplitudes of the waves are uniform to within ∼5% over 
large areas (several square centimeters). 
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Figure 1.4 The process for building stretchable single-crystal Si devices on elastomeric 
substrates (Khang et al., 2006). 
Based on this technology, many functional devices have been fabricated and 
specifically a few photovoltaic devices have been demonstrated (J. Lee et al., 2011; Ma, 
Wang, Tang, Yu, & Jiang, 2013; Shir, Yoon, Chanda, Ryu, & Rogers, 2010). To make 
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deformable electronics, elastomeric materials have been utilized in these approaches as 
basis to enable stretchability of the fabricated devices and specific designs have been 
considered to minimize the local strain at the brittle devices while maintaining the large 
stretchability of the devices as a whole. These designs include buckled devices (Y. G. 
Sun, Choi, Jiang, Huang, & Rogers, 2006), pop-up interconnects (Ko et al., 2008) and 
serpentine-shaped interconnects (D. H. Kim et al., 2008) between functional devices that 
mitigate the local strain of these components through out-of-plane deformations (e.g., 
buckling and rotation). Despite the extraordinary success of these approaches in reaching 
functional devices with great flexibility and stretchability, the transfer printing step may 
limit the yield significantly and is not completely compatible with commercial 
complementary metal-oxide-semiconductor (CMOS) processes. In addition, similarly as 
the direct fabrication, the involvement of flexible and elastomeric substrates along with 
low-temperature processes unfortunately limit their functionality and scalability since 
many of these materials and processes are not fully compatible with present mainstream 
manufacturing processes of fabricating high-performance devices, especially high 
temperature processes that are used in many manufacturing steps. 
1.3 FLEXIBLE SKINS  
Instead of using elastomeric substrates to make the device flexible, an alternative 
way was introduced by Xu et al. (2003) (Fig. 1.5). They demonstrated a different flexible 
skin technology based on silicon island structure (Katragadda & Xu, 2008; Y. Xu, Jiang, 
et al., 2003; Y. Xu, Tai, Huang, & Ho, 2003). The major advantage of this technology is 
its compatibility with micro-electromechanical system (MEMS) and CMOS since MEMS 
devices and CMOS circuits can be fabricated on the silicon wafer before the formation of 
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the flexible skin. By taking advantage of CMOS foundries, complicated high-
performance circuits can be integrated economically. Fig. 1.5 shows the detail of 
fabrication process of flexible skin. Assuming that MEMS devices or integrated circuits 
(ICs) have already been fabricated on the silicon substrate, the first step of the skin 
fabrication is to coat a polymer layer on the front-side of the wafer. Then the polymer 
layer is patterned to expose metal pads. Note that if necessary, MEMS and ICs can be 
exposed as well at this step. After this, the silicon wafer is thinned down and etched 
through from the back to form the arrays of silicon islands by deep reactive ion etching 
(DRIE). Finally, another layer of polymer is coated on the backside to encapsulate the 
silicon islands. The basic structure of the silicon flexible skin is arrays of silicon islands 
sandwiched between the two layers of polymers. MEMS devices and ICs are present on 
these rigid islands. 
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Figure 1.5 (a) Conceptual process flow of the silicon flexible skin technology; (b) a 
silicon flexible skin wrapped around a half-inch diameter aluminum block (Katragadda & 
Xu, 2008) 
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This dissertation presented several deformable MEMS and semiconductor devices. 
It is arranged in the following manners. In chapter 1, an introduction to deformable 
electronics was given. Various technologies were covered and classified as using three 
major fabrication methods. Each method was discussed in details. 
In chapter 2, we implemented the “flexible skins” structure to solve the existing 
problem with current technologies. A three-dimensional (3-D) flexible thermal flow 
sensor was developed focusing on intravascular monitoring. In addition, a novel 3-D 
design and assembly technology was developed. The 3-D sensor based on convective 
heat transfer was designed to reduce detection error caused by position variation of a 
sensor inside the flow of narrow and curved geometries, such as coronary artery. In order 
to proof this concept, both experiment and simulation were implemented and the results 
were compared. Meanwhile, sensor calibration, flow test and computational fluid 
dynamics (CFD) simulation will also be presented. 
However, it has been observed that the edge of the silicon island, where the 
flexible polymer interface with the rigid silicon, is a stress concentration area and may 
cause the fracture of the metal traces during packaging. It significantly reduced the yield 
of the device. This issue becomes more severe when the polymer is Parylene, which has 
fairly large Young's modulus. To solve this issue, Kim et al. (E. Kim et al., 2013) 
proposed an innovative cushion structure to minimize the stress concentration at the 
silicon island edge. As shown in Fig. 1.6, there is a micro-channel between the metal 
trace and the rigid silicon edge, which functions as a cushion to minimize the stress 
concentration. This structure is realized by taking advantage of XeF2 (xenon difluoride) 
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gas phase isotropic silicon etching and parylene conformal coating. A higher degree of 
deformation can potentially be realized with this micro-cable structure. 
In chapter 3, by utilizing the micro-cable structure, we have developed our 
alternative fabrication method so called Origami-enabled fabrication. Based on this novel 
technology, we demonstrated an example of origami-enabled silicon solar cells with 
better deformability. A solar panel (about 64 mm × 65 mm) has been fabricated which 
can reach up to 644% areal compactness without significant performance degradation 
upon 40 times cyclic folding/unfolding. This approach does not involve elastomeric 
materials and therefore is compatible with the mainstream CMOS process for high-
performance devices, which opens a new direction of producing flexible and stretchable 
electronics. 
 
 
Figure 1.6 Cross sectional schematic of the robust cable structure (E. Kim et al., 2013) 
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In chapter 4, current issues with origami-enabled technology have been discussed 
in detail. Some design optimizations and new solutions to address current problems have 
been presented. Also, due to the extraordinary deformability the origami structure is able 
to essentially provide, it can be used to many other applications such as micro aerial 
vehicle (MAV).  
In previous four chapters, we discussed about the methods to fabricate silicon-
based flexible electronic devices. In fact, in today’s consumer electronic devices such as 
cell phones and tablets, energy storage devices is one of most important parts which are 
usually bulky. In chapter 5, an introduction to origami lithium-ion battery is presented. It 
has addressed the significant challenges in developing deformable devices at the system 
level that contain integrated, deformable energy storage devices. We demonstrated an 
origami lithium-ion battery that can be deformed at an unprecedented high level, 
including folding, bending and twisting. 
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CHAPTER 2 
3-D FLEXIBLE THERMAL SENSOR FOR INTRAVASCULAR FLOW 
MONITORING↑ 
A novel design and assembly technology is developed for a three-dimensional (3-
D) flexible thermal flow sensor based on convective heat transfer to reduce detection 
error caused by position variation of a sensor inside the flow of narrow and curved 
geometries, such as coronary artery. The 3-D sensor has three independent sensing 
elements equally distributed around the catheter tube. This arrangement introduces three 
independent information channels, and cross-comparisons are used to provide accurate 
flow measurement. Flow testing is implemented in a pipe channel at two positions: on the 
wall and along the center line. Experimental results from these two positions are 
discussed and computational fluid dynamic simulation based on Newtonian fluid 
properties is implemented, showing comparable results within an acceptable range of 
experimental to simulation errors. 
 
 
 
 
 
 
 
↑Based on Rui, Tang, Hai, Huang, Yong Mo, Yang, Oiler, J., Mengbing, Liang, & 
Hongyu, Yu. (2013). Three-Dimensional Flexible Thermal Sensor for Intravascular Flow 
Monitoring. Sensors Journal, IEEE, 13(10), 3991-3998 
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2.1 INTRODUCTION 
Atherosclerosis, a disease that primarily affects the outer edges of blood vessel 
bifurcations, is the leading cause of death in the industrialized world. Blood flows 
differently at bifurcations, where the vessel splits from one channel into two channels, 
compared to the more straight regions of an artery (Rouhanizadeh, Lin, Arcas, Hwang, & 
Hsiai, 2005). Along the medial wall (inner wall associated with the bifurcation), wall 
shear stress (the tangential frictional force along the arterial wall) is high. Along the 
lateral wall (outer wall associated with the bifurcation), the flow is slow and oscillatory 
along the lateral wall. This flow pattern results in a significantly lower amount of wall 
shear stress (Malek, Alper, & Izumo, 1999). This zone of low shear stress along the 
lateral arterial wall can allow for the accumulation of plaque, forming atherosclerotic 
lesions which can rupture and induce clotting of the vessel at the point of rupture or 
farther downstream. The build-up of these plaques cause tell-tale changes in the local 
flow field low shear stress upstream of the lesion, high shear stress at the throat of the 
lesion, and oscillatory flow downstream (Cecchi et al., 2011) where more plaque can 
accumulate. Therefore, development of atherosclerosis can be identified and studied by 
measurement of the flow properties, especially wall shear stress field.  
Micro-Electro-Mechanical Systems (MEMS) sensors have been developed to 
measure wall shear stress. One of the most common methods involves hot film thermal 
anemometry (Lin et al., 2004; Liu et al., 1999; Liu, Tai, Huang, & Ho, 1994). To relate 
heat transfer to flow properties in the complicated arterial geometry, one-dimensional (1-
D) polymer-based thermal flow sensors were previously introduced into the arterial 
system with in-vivo experiments on New Zealand Rabbits. The flow sensors’ primary 
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advantages were structural flexibility, biocompatibility and small size (Ai et al., 2010).  
2.2 REVIEW OF THE CURRENT TECHNOLOGY 
2.2.1 Introduction to Thermal Flow Sensor 
The fluid shear stress (τ) is of great importance property of the flow. It is a 
frictional force per unit area that is tangential to the surface of the channel. For a 
Newtonian fluid at steady state, shear stress τ is defined as (H. Yu et al., 2008) 
   
0=
=
ydy
dv
ητ                                                         (2.1) 
where η represents viscosity and dv/dy is the velocity gradient along the y-axis which is 
perpendicular to the wall surface. Two main methods for shear stress measurement have 
been developed. The first one is to build a floating sensing element (Schmidt, Howe, 
Senturia, & Haritonidis, 1988). The advantage of such a design is direct measurements 
rather than indirect correlations between shear stress and other parameters, such as heat 
transfer. However, the sensing elements of floating sensors are usually difficult to 
fabricate, some structures are fragile. Their operation requires additional mechanical 
devices to amplify signal transduction in response to minute movements. In addition, 
extra mechanical structures usually cause perturbation to flow itself. Due to above 
problems, the second one, which is thermal anemometry, is more widely used. The 
advantages of this technique are simplicity in fabrication, absence of moving elements, 
and good sensitivity. Thus, this method provides a basis to develop micro intravascular 
sensors on a single silicon wafer for high throughput production. 
The operation principle is based on convective cooling of a heated sensing 
element as fluid flows over its surface. The heat transfer from the heated surface to the 
 fluid depends on the flow characteristics in the viscous region of the boundary layer (Fig. 
2.1). 
Figure 2.1 A thermal boundary develops beneath the flow velocity boundary laye
 
This concept was simulated by Finite Element Method (FEM) analysis tool ANSYS 
11.0. The simulation was based on a simple and ideal model for demonstration. The 
temperature distribution profile of a water channel was simulated. In the middle of the 
channel, there was a plate (about 1/3 of the total length) heated to 47 
ambient temperature (37 ˚C) (Fig. 2.2). The whole channel was 3mm in length and 1mm 
in width. For the simulation, only natural convection energy losses had been taken into 
account since the irradiative and conduction energy losses are very small due to the small 
area of the heated plate. 
Different velocity of water flow is introduced (0.2 m/s and 0.5 m/s). Different 
temperature profiles are presented in Fig. 2.3. The heat transfer water flow passes by the 
heated sensing element, the faster the velocity is, the more heat it will 
way, making the high temperature thinner.
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Figure 2.2 ANSYS simulation environment 
 
 
 
Figure 2.3 Temperature distribution of the water channel with different water velocities 
2.2.2 Design and Fabrication of 1-D Flexible Flow Sensors  
Titanium (Ti) and platinum (Pt) layers embedded in the flexible polymer were used 
as the sensing elements. Based on heat transfer principle, heat convection from the 
resistively heated element to the flowing fluid is measured as a function of the changes in 
            0.2 m/s 
        0.5 m/s 
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voltage, from which shear stress can be inferred (Liu et al. 1994). The sensor was 
fabricated by surface micromachining technique utilizing Parylene-C as electrical 
insulation layer. 
The polymer-embedded sensor enables conformability to the geometry of arterial 
bifurcations and curvatures while retaining its mechanical strength and operational 
function. The resistance of the sensing element was measured at approximately 1.6-1.7 
kΩ and the temperature coefficient of resistance (TCR) was at approximately 0.12 %/˚C, 
shown in Fig. 2.4. 
 
Figure 2.4 Plot of sensing element (Ti/Pt) resistance versus temperature. A linear relation 
was established over the temperature ranging from 22 ˚C to 80 ˚C. The TCR was 
approximately 0.12 %/˚C. 
For the package, the sensing element was connected to a flexible electrical coaxial 
wire (40AWG wire from Tycoelectronics) that transmitted the changes in resistance to 
the external circuitry. Due to the small size of the sensor, the bonding process is 
implemented on the probe station under microscope (Fig. 2.5). 
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Figure 2.5 The schematic of flexible shear stress sensors. (a) The sensor was flexible. 
The dotted circle at the terminal end of sensor was magnified to reveal the polymer-
coated sensing element. (b) The schematic diagram detailed the packaging of the polymer 
sensor to the coaxial wire. The sensor was connected to the electrical coaxial wire with 
conductive epoxy and covered with biocompatible epoxy. The distance between the 
sensing element and the tip of the catheter was 4 cm. (c) Illustration revealed a packaged 
sensor to the coaxial wires. 
The sensing element was fabricated using surface micromachining with 
biocompatible materials including Ti, Pt and Parylene-C. Parylene is the tradename for a 
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variety of chemical vapor deposited poly(p-xylylene) polymers used as moisture and 
dielectric barriers. Among them, Parylene-C is the most popular due to its combination of 
barrier properties, cost, and other processing advantages. The fabrication process is as the 
following: 1) dry thermal growth of 0.3 µm SiO2 (1080 ˚C for approximately 4 hours 
according to Deal and Grove (D-G) thermal oxidation model), then deposit 1 µm 
sacrificial silicon layer (polysilicon) using electron-beam (e-beam) evaporator. This layer 
will be etched completely during the sensor releasing; 2) dry thermal growth of 
approximately 0.2 µm SiO2 and use BOE (Buffered Oxide Etchant) to pattern SiO2 layer. 
3) deposit Ti/Pt layers with thickness of 0.12 µm/0.02 µm for the sensing element with e-
beam evaporator, and pattern these layers using lift-off (AZ5214 negative photoresist) to 
form a 2-3 µm wide metal traces; 4) deposit 9 µm Parylene-C with Parylene vacuum 
coating system and pattern Parylene-C layer using photolithography and oxygen plasma. 
Because the etching rate between Parylene-C and photoresist is very close, approximately 
7:8, the Parylene-C is etched even faster, more than 10 µm thick photoresist is needed; 5) 
deposition and patterning of a metal layer of Cr/Au for electrode leads (0.02 µm/0.6 µm) 
with e-beam evaporator; 6) deposition of another thick layer of Parylene-C (12 µm) to 
form the device structure, then pattern it using AZ4620 photoresist up to 20 µm as mask; 
7) etching the underneath silicon sacrificial layer with XeF2 dry etching system leading 
to the final device included in Fig. 2.6. The resulting sensor bodies were 4 cm in length, 
320 µm in width, and 21 µm in thickness (Fig. 2.5). We can also start from SOI wafers 
and skip the first two steps; however, it may further increase the cost due to the expensive 
unit price of SOI wafers. The fabrication process illustrates the application of Ti and Pt as 
the heating and sensing elements. The Ti/Pt sensing elements (strip of 280 µm in length 
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by 2 µm in width) were encapsulated with Parylene-C which was designed in direct 
contact with the blood flow.  
 
Figure 2.6 Fabrication process of the shear stress sensor. (a) Thermal growth of SiO2 and 
deposition of sacrificial Si layer (1 µm). (b) Deposition and patterning of Ti/Pt layers 
(0.12 µm /0.02 µm) for the sensing element. (c) Deposition of Parylene-C (9 µm). (d) 
Deposition and patterning of a metal layer of Cr/Au for electrode leads (0.6 µm). (e) 
Deposition and patterning of a thick layer of Parylene-C (12 µm) to form the device 
structure. (f) Etching the underneath Si sacrificial layer leading to the final device. 
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2.2.3 1-D Sensor Calibration 
In order to obtain the relationship between shear stress and output voltage, we need 
to do the calibration. According to the application of the sensor, Yu (2008) proposed a 
method to calibration. 2-D (two-dimensional) flow channel was built for individual 
sensors to establish a relationship between heat exchange (from the heated sensing 
element to the flow field) and shear stress over a range of steady flow rates (Qn) in the 
presence of rabbit blood flow at 37.8 ˚C. We will discuss it in detail in 3-D sensor 
calibration. The viscosity used in the aforementioned equation was obtained from the 
published data for rabbit blood (Longest, Kleinstreuer, Truskey, & Buchanan, 2003). 
 
Figure 2.7 Schematic diagram of 2-D micro PDMS channel for sensor calibration in the 
rabbit blood. The sensor body was flush-mounted on the floor of the channel at a 
sufficient entrance length to allow for fully developed laminar flow before reaching the 
sensor (Yu et al. 2008). 
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2.3 3-D FLEXIBLE THERMAL FLOW SENSOR 
However, this 1-D sensor suffered from limited data collection ability and large 
experimental errors caused by the sensor’s varying position inside the flow. When the 1-
D sensor was inserted into blood vessels (specifically the aorta), it was impossible to 
control the position of the sensor inside the vessel and which direction the sensing 
element was facing (Rui et al., 2013b; F. Yu et al., 2013); The calibration of the sensor 
was based on the ideal case in which the sensor was mounted on the channel wall with 
the element facing the flow field. In other words, data from the 1-D shear stress sensor 
were obtained under the assumption that the sensing element was facing the flow field 
(not the arterial wall) which was not always the case. One possible solution is to rotate 
the 1-D sensor to ensure that the sensing element is facing the blood flow rather than the 
wall (Ai et al., 2010). However, it is very difficult to monitor and manipulate the sensor 
intravascularly.  
A 3-D thermal flow sensor was successfully developed by utilizing the flexible 
skin technology, inspired by the idea shown in Fig. 2.8. The sensor reported here 
improves upon previous work by having three independent sensing elements. Through 
folding we can make these three independent sensing elements symmetrically distributed 
around the wall of catheter tube, which forms a plane perpendicular to the flow direction. 
With this novel structure, at least one sensing element is ensured to face the flow field 
away from the artery wall which will provide a more accurate reading, no matter how the 
sensor is positioned. Meanwhile, by comparing the different readings of all elements, the 
position of the sensor within the flow channel can be inferred. By being able to detect the 
position of the catheter within the flow channel, the 3-D thermal flow sensor can realize 
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more accurate assessment of intravascular heat transfer and flow properties with the help 
of computational fluid dynamics (CFD) simulation. 
2.3.1 Sensor Design 
 
Figure 2.8 Folding flexible skins to create 3-D structure 
The 3-D thermal flow sensor is designed with three sensing elements separated by 
120° spacing around the catheter tube. Although more sensing elements could be 
integrated, it would require larger catheter size and increase cost, since more bond pads 
for external connection will be employed. 
The unpacked 3-D thermal flow sensor was similarly to a small cylinder (1.2 mm 
in diameter) consisted of sensing device and external wires (Fig. 2.9) (Rui et al., 2013a). 
In order to make this type of structure, novel fabrication of sensing device and packaging 
method were developed. The unwired sensing device was designed as a “fan” shape with 
a silicon substrate cube in the center with thickness of 500 µm and three “blades” of 
Parylene-C encapsulated sensing elements (Fig. 2.9(a)). The sensing element and bond 
 pads were sandwiched by Parylene
mechanical support. Each Parylene
approximately 21 µm in thickness.
Figure 2.9 (a) Unwired sensing device (b) Sensing device assembled with external wi
2.3.2 Fabrication 
The sensing element was fabricated using surface micromachining with 
biocompatible materials including Titanium (Ti) an
process of sensing device is as follows: 1) start with a bare silicon wafer, deposit a thin 
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(10 µm) Parylene-C layer (with A-174 adhesion promoter) on silicon wafer; 2) deposit 
and pattern a 0.1 µm silicon dioxide to form an etching stop to prevent Reactive-Ion 
Etching (RIE) through Parylene-C in a later step (20 nm) Chromium (Cr) was used to 
enhance the adhesion between silicon dioxide and Parylene-C); 3) deposit Ti/Pt layers 
with thickness of 0.12 µm/0.02 µm and lift-off these layers to form a 10 µm wide metal 
strips as the resistive sensing element, and after that, deposit and pattern Cr/Au 0.02 µm 
/0.6 µm for interconnection between sensing element and bond pads; 4) deposit and 
pattern second 10 µm Parylene-C layer to provide structural support and electrical 
insulation. Because the etch rate between Parylene-C and photoresist is similar, more 
than 20 µm thick photoresist is needed accordingly; 5) perform backside 
photolithography of silicon wafer, then hard bake for 30 minutes; 6) use Deep Reactive-
Ion Etching (DRIE) to etch silicon from backside to release the sensor structure leading 
to the final sensing device, shown in Fig. 2.10. 
 Figure 2.10 Fabrication of the sensor (a) deposition of Parylene
deposition and pattern of sensing element and interconnection (c) deposition of another 
layer of Parylene-C (d) pattern of Parylene
releasing. 
2.3.3 Problems Analysis in Fabrication P
The first problem happened during the fabrication process was the
between Parylene and silicon substrate. Because there were three lift
soaking in acetone for a long time would cause slight peeling of the Parylene. In order to 
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solve this problem, A-174 adhesion promoter was used before thermal evaporation of 
Parylene. 
The second problem was that during the process, 0.6 µm thick gold needed to be 
deposited (in order to reduce the noise generated by interconnection, we wanted to make 
the resistance of interconnection as small as possible), the heat generated from the 
deposition was too large for photoresist, even the vaccum went down to 10-7 mTorr. The 
heat would bake the photoresist and make the lift-off extremely hard. The solution is 
rather than depositing the gold in one time, depositing 0.2 µm gold then vent the chamber 
and let the nitrogen come out and hold for 10 minutes to cool down everything, then 
repeat the above process another two times until we get 0.6 µm thick gold. This method 
is time consuming due to long pump down time. Another solution for this problem is wet 
etching rather than lift-off.  
The third problem was in Parylene etching. After the Parylene etching, a thin 
layer photoresist should be removed in acetone. But the RIE (Reactive-ion etching) made 
photoresist very hard to be removed completely (Fig. 2.11), we soaked it in acetone for 
more than 1 hour, and tried heat it up around 80 ˚C. However, still could not remove 
photoresist completely. Then if soak the sample in ultrasonic for about 20-30 seconds, the 
Parylene starts to peel off as well as photoresist. This is probably because the 
contamination inside chamber changes the characteristic of photoresist. To get rid of 
contamination, dummy run is essential. 
The most critical step was backside etching which is the final step. Because of the 
unique structure of the sensor, the silicon substrate was etched all the way through. As 
the etching went deeper and deeper, the silicon substrate became thinner and thinner. 
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Gradually, the pressure generated from cooling gas would exceed the tolerance of the 
wafer, breaking the wafer at a certain point (Fig. 2.12). The normal way to reduce the risk 
of breaking wafers is using another wafer as a holder attached to the sample. In our 
experiment, the air gap between the sample wafer and holder wafer worked as a thermal 
insulator that largely reduced the heat conduction from the cooling system. The heat 
baked the photoresist as well as the Parylene. Fig 2.13 is the Parylene after several 
hundred cycles of DRIE. The Parylene pattern is full of cracks which mean it is seriously 
baked and lose its flexibility. In order to increase the thermal conductivity, paraffin wax 
was used to mount the sample to the holder. 
 
Figure 2.11 Photoresist residues on top of Parylene after RIE 
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Figure 2.12 Demonstration of various pressures during DRIE 
 
Figure 2.13 The view of Parylene-Cracks after DRIE 
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2.3.4 Packaging 
After the sensing device was released, four electrical coaxial wires (Precision 
Interconnect, Portland, OR) were inserted through backside holes to the topside Cr/Au 
bond pads (three for the sensing elements and one for common ground). Silver epoxy 
(H20E, Epoxy Technology, Inc.) was then used to connect the external wires and bond 
pads under microscope. The silver epoxy was fully cured at 60 ˚C over 6 hours. A small 
wire sheath was used to wrap these small external wires and provide support to Parylene-
C wings. The wire sheath can also be replaced by a catheter for future in-vivo experiment. 
After being connected with external wires through the center cube, these blades were bent 
and mounted to nonadjacent side surfaces of silicon substrate cube and wire sheath. 
Finally, biocompatible epoxy (EPO-TEK 301: Epoxy Technology, Billerica, MA, USA) 
was applied to cover bonds on the silicon substrate cube to seal the bond pads and 
provide electrical insulation (Fig. 2.9 (b)). 
2.3.5 Sensor Calibration 
The temperature coefficient of resistance of the sensing elements was measured 
on a precision temperature control hotplate. Then, the 3-D thermal flow sensor was 
connected to a constant-current (CC) circuit providing 1.05 mA current through each 
sensing element (Fig. 2.14) and each sensing element was heated up about 10 ˚C above 
ambient temperature (23.4 ˚C). 
 
 
 Figure 2.14 Schematic of constant
resistor 
For this thermal flow sensor, the output signal is the voltage change across the 
sensing element. In order to measure flow properties, specifically shear stress, a relation 
between shear stress and output voltage needs to be developed through calibration. Based 
on the heat transfer principle, the output voltage of the thermal flow sensors was sensitive 
to the fluctuation in ambient temperature. The temperature overheat ratio (
as temperature variations of the sensor over the ambient temperature (T
where T denotes the temperature of the sensor 
resistance and temperature overheat r
where α is the TCR. For shear stress measurements, typically a high overheat ratio (~ 
2.8 %) is used by passing higher 
stabilize the sensor.  
A 2-D PDMS channel with 
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thermal flow sensor. The small trench allows the 3-D sensor to be rotated inside the 
channel, allowing all three sensing elements to be individually calibrated. A syringe 
pumps system (Harvard Apparatus PHD-2000) was used to provide water flows at 
several flow rates (range from 10 mL/min to 100 mL/min). We can directly obtain the 
relationship between the output voltage change and flow rate through this calibration 
system. For a Newtonian fluid at steady state, the theoretical shear stress value in relation 
to the flow rate in the 2-D flow channel was established using the formula based on the 
analysis of Truskey et al. (Ai et al., 2009): 
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where τ is the wall shear stress, µ is the blood viscosity, and H and W are the height and 
the width of the flow channel, respectively (H/W = 0.222). 
The formula was implemented in Matlab to calculate wall shear stress under different 
flow rates in the calibration channel. 
 Figure 2.15 (a) Schematic diagram of 2
sensor body was inserted into the trench underneath the channel at a sufficient entrance 
length to allow for fully developed laminar flow before reaching the sensor. (b) The 
relation between flow rate and wall shear stress wa
2.3.6 Flow Test 
The thermal flow sensor has three independent sensing elements symmetrically 
distributed on its wall. These sensing elements form a plane perpendicular to the flow 
direction, thus, the sensor can detect its location in the flow 
among all element readings. 
In order to prove this concept, the 3
channel (5 mm in diameter) with different flow rates controlled by a pump system. The 
diameter ratio (pipe diameter/senso
shear stress disturbance caused by insertion of the sensor 
the Intravascular Shear Stress (ISS) elevation factor (ratio of actual shear stress on the 
sensor/wall shear stress in the absence of catheter) will increase as the diameter ratio of 
pipe diameter/sensor increases. Based on this consideration, a value near 4.5 (about 4.2) 
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-D thermal flow sensor was tested in a pipe 
r diameter) of 4.5 would minimize the pressure and 
(Ai et al., 2009)
 
. Meanwhile, 
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was chosen for our flow test to reduce the insertion effect of the sensor. The length of 
pipe channel is set to be more than 10 times of diameter to provide sufficient entrance 
length for the flow to fully develop. The three sensing elements were labeled as element 1, 
element 2 and element 3.    
Next, the sensor was inserted into the channel and fixed in two positions: (a) 
sensor was attached to the wall of the channel; (b) sensor was placed at the center of the 
channel. For position (a), element 3 was placed against the wall of channel (although 
there was a very small separation between element 3 and the wall, we defined this 
position as “attached”). Element 1 and element 2 were facing the flow field (Fig. 2.16(a)). 
For position (b), the sensor was placed in the center of the channel and all three sensing 
elements were facing the flow field (Fig. 2.16(b)). 
 
 
 
 
 Figure 2.16 The sensor was inserted into the channel and fixed in two positions: (a) 
sensor was placed in the center of the channel; (b) sensor was attached to the wall of the 
channel 
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2.3.7 CFD Simulation 
CFD simulation was implemented for non-Newtonian fluid to simulate shear 
stress in a pipe channel in order to compare with the experimental measurements (Fig. 
2.19). The pipe channel with catheter model was constructed and meshed using 
COMSOL Multiphysics software.  The grid was generated by meshing the inlet surface 
using map mesh to create structured mesh, followed by generating a volume mesh by 
sweeping the mesh node patterns that specified the inlet surface as the “source” faces. For 
simulation of wall shear stress, boundary layers immediately adjacent to the wall were 
constructed to generate sufficient information for characterization of the large fluid 
velocity gradients near the wall. The diameter of the pipe was set at 5 mm and the 
catheter was 1.2 mm. The total channel length was set at 10 times of the diameter to 
provide sufficient entrance length for the flow to develop (H. Yu et al., 2008). The water 
flow was simulated by applying the 3-D Navier–Stokes equations. The governing 
equations, including mass and momentum equations, were solved for laminar, 
incompressible, and non-Newtonian flow. The wall of the pipe was assumed to be rigid 
and impermeable. No-slip boundary condition was implemented along the inner walls. 
The flow field was initialized by propagating the constant time-averaged inlet velocity 
profile downstream into the computational domain. The initial pressure was set to zero in 
the entire domain. 
2.3.8 Experimental Results and Discussion 
The resistance of the sensing elements was measured at approximately 1-1.2 kΩ 
with the temperature coefficient of resistance (TCR) at approximately 0.086 %/˚C (Fig. 
2.17). The relation between the resistance and temperature was linear, suggesting that the 
  41 
TCR over this temperature range remained constant. 
 
Figure 2.17 Plot of sensing element (Ti/Pt) resistance versus temperature. A linear 
relation was established over the temperature ranging from 25 ˚C to 70 ˚C. The TCR was 
approximately 0.086 %/˚C. 
The calibration curve between the output voltage change and shear stress was 
generated, shown in Fig. 2.18. In lower shear stress region (0-12 dynes/cm2), output 
voltage change increased linearly as flow shear stress increased. The use of Ti and Pt as 
the sensing element materials provides a maximum sensitivity of 0.25 mV/(dynes/cm2). 
Then, the curve gradually tended to saturate in higher shear stress region with the slope 
becoming flatter (at higher than 15 dynes/cm2). 
 
 
 
